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(57) ABSTRACT

Acquiring 3D MRI data using spiral-in-out encoding trajec-
tories includes calculating a variable flip angle RF series for
use as refocusing pulses, wherein the RF series includes a
plurality of refocusing RF pulses. A spoiler gradient wave-
form 1s applied along the spoiler gradient direction, wherein
the computer alternately adds and subtracts partition encod-
ing waveforms to the spoiler gradient wavelorm. The
method reads MRI data from each encoding step during an
MRI sequence. The MRI sequence inserts a spiral-in gradi-
ent before a first refocusing RF pulse from the RF sequence,
overlaps a pre-winder lobe for the encoding trajectory with
the spoiler gradient waveform having the partition encoding
wavelorms added therein, and overlaps a rewinder lobe for
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the encoding trajectory with the spoiler gradient waveform
having the partition encoding waveforms subtracted there
from.
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SYSTEM AND METHOD FOR
VARIABLE-FLIP-ANGLE 3D SPIRAL-IN-OUT
TSE/SPACE USING ECHO-REORDERING
AND CONCOMITANT GRADIENT
COMPENSATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and benefit under 35
U.S.C § 119(e) of U.S. Provisional Patent Application Ser.

No. 63/436,679 filed on Jan. 2, 2023, which 1s incorporated
by reference as if set forth fully herein.

STATEMENT REGARDING FEDERALLY
FUNDED RESEARCH

This 1nvention was made with government support under
NIH Grant No. EB028773 awarded by National Institutes of
Health. The government has certain rights 1n the mnvention.

FIELD

The present disclosure relates to magnetic resonance
imaging (MRI) operations that, according to some aspects,
reconstructs MRI 1images from spirally acquired MRI data
and provides final 1images having suppressed artifact images
across numerous 1imaging domains.

BACKGROUND

The present disclosure generally relates to the field of
medical imaging for analysis of certain physiological activi-
ties ol a subject. For example, and without limiting this
disclosure, various conventional imaging techniques can
provide for an assessment of a body of a subject with regard
to spatial coverage. Two-dimensional (2D), three-dimen-
sional (3D), and “cine” data measurements can provide a
complete assessment of a subject, such as a human patient,
with regard to spatial coverage and a comprehensive evalu-
ation of certain areas.

This disclosure addresses a need in the art of MRI data
acquisition left by conventional Cartesian sampling that
remains time consuming because of its relatively ineflicient
k-space coverage when prescribing high-isotropic spatial
resolution. This problem becomes worse at low-field sys-
tems compared to the mid- or high-field systems, due to the
inherently lower signal to noise ratio, which requires several
signal averages to maintain clinically acceptable image
quality and thus increases the total scan time by at least

double.

SUMMARY

Other aspects and features according to the example
embodiments of the disclosed technology will become
apparent to those of ordinary skill 1n the art, upon reviewing
the following detailed description in conjunction with the
accompanying figures.

Acquiring 3D MRI data using spiral-in-out encoding
trajectories includes calculating a variable flip angle RF
series for use as refocusing pulses, wherein the RF series
includes a plurality of refocusing RF pulses. A spoiler
gradient wavelorm 1s applied along the spoiler gradient
direction, wherein the computer alternately adds and sub-
tracts partition encoding waveforms to the spoiler gradient
wavelorm. The method reads MRI data from each encoding,
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2

step during an MRI sequence. The MRI sequence inserts a
spiral-1n gradient before a first refocusing RF pulse from the
RF sequence, overlaps a pre-winder lobe for the encoding
trajectory with the spoiler gradient waveform having the
partition encoding wavetorms added therein, and overlaps a
rewinder lobe for the encoding trajectory with the spoiler
gradient wavelorm having the partition encoding waveforms
subtracted there from.

In one embodiment, a computer implemented method of
gathering three-dimensional (3D) magnetic resonance 1imag-
ing (MRI) data using spiral-in-out encoding trajectories
from a k-space encoding orientation and a spoiler gradient
direction and includes using a computer having a processor
and computer memory to implement steps of calculating a
variable flip angle radio frequency (RF) series for use as
refocusing pulses, wherein the RF series comprises a plu-
rality of refocusing RF pulses; applying a spoiler gradient
wavelorm along the spoiler gradient direction, wherein the
computer alternately adds and subtracts partition encoding
wavelorms to the spoiler gradient wavetform; reading MRI
data with the computer for each encoding step associated
with the k-space encoding orientation during an MRI
sequence that further includes inserting a spiral-in gradient
betore a first refocusing RF pulse from the RF sequence;
overlapping a prewinder lobe for the encoding trajectory
with the spoiler gradient wavelorm having the partition
encoding waveforms added therein; and overlapping a
rewinder lobe for the encoding trajectory with the spoiler
gradient wavelorm having the partition encoding waveforms
subtracted there from.

In another embodiment, the computer 1mplemented
method further repeats the MRI sequence for a selected
number of total partition encodings to obtain data for a 3D
MRI acquisition.

In another embodiment, the computer implemented
method includes calculating the RF series comprises 1den-
tifying a target signal curve having an asymptotic pseudo-
steady state stabilization.

In another embodiment, The computer implemented
method includes identifying the variable flip angle radio
frequency (RF) series to meet the target signal curve and
selected parameters for the MRI sequence.

In another embodiment, the computer implemented
method includes the selected parameters being selected from
the group consisting of field of view, echo spacing, effective
TE, readout time, a target number of shots during the MRI
sequence, a total number of echoes per shot, an acceleration
ratio, a spatial resolution, a k-space center location relative
to a selected number of total partition encodings, or a target
signal-to-noise ratio.

In another embodiment, the computer implemented
method includes each of the refocusing pulses correspond-
ing to a respective variable flip angle used in the MRI
sequence.

In another embodiment, the computer implemented
method includes using the MRI sequence to extend a useable
duration of an echo train by increasing the refocusing flip
angles to slow signal decay due to T2 relaxation.

In another embodiment, the computer 1mplemented
method 1ncludes applying the MRI sequence at a low static

magnetic-field strength.

In another embodiment, the computer implemented
method mncludes the low static magnetic-field strength 1s less
than or equal to 1 Tesla.
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In another embodiment, the computer implemented
method 1ncludes applying the MRI sequence at a medium
static magnetic-field strength greater than 1 Tesla and less
than or equal to 3 Tesla.

In another embodiment, the computer implemented
method includes applying the MRI sequence at a static
magnetic-field strength greater than 3 Tesla.

In another embodiment, the computer 1mplemented
method uses a turbo-spin-echo 1maging sequence.

In another embodiment, the computer 1mplemented
method includes the spiral-in-out encoding trajectories hav-
ing either constant density spirals or variable density spirals.
In another embodiment, the computer implemented method
includes reading the MRI data with a time symmetric
spiral-in-out sampling scheme.

In another embodiment, the computer implemented
method includes forming an MRI output by fully sampling
the MRI data or by under-sampling the MRI data.

In another embodiment, the computer 1mplemented
method 1ncludes accelerating the reading of MRI data by
utilizing parallel 1maging and/or compressed sensing tech-
niques, wherein the parallel imaging comprises 1D or 2D
acceleration.

In another embodiment, the computer implemented
method includes applying trajectory correction to the MRI
data.

In another embodiment, the computer implemented
method 1ncludes the trajectory correction in the form of a
gradient impulse response function (GIRF).

In another embodiment, the computer implemented
method 1includes applying sequence-based concomitant field
compensation.

In another embodiment, the computer 1mplemented
method includes applying echo re-ordering to the MRI data
prior to 1mage reconstruction.

In another embodiment, the computer 1mplemented
method includes echo re-ordering by reversing an echo order
during a measurement.

In another embodiment, the computer implemented
method includes signal averaging that 1s normalized based
on a simulated signal decay from the RF-series calculation
and relaxation parameters.

In another embodiment, the computer implemented
method 1ncludes that the MRI sequence 1s conducted pur-
suant to turbo-spin-echo 1maging sequences according to the
method Sampling Perfection with Application optimized
Contrasts using different flip angle Evolutions (TSE-
SPACE).

In another embodiment, the computer 1mplemented
method includes reading the MRI data from about 100 to
about 250 echoes for each echo train.

In another embodiment, the computer implemented method
includes reading the MRI data with echo spacing between
about 3 ms and 4 ms, inclusive.

In another embodiment, the computer implemented
method includes the refocusing RF pulses being spatially
non-selective.

In another embodiment, the computer implemented
method includes refocusing RF pulses corresponding to flip
angles between about 30 degrees to 120 degrees, inclusive.

In another embodiment, the computer 1mplemented
method further includes partial Fourier imaging with zero-
interpolation filling to reduce imaging time.

In another embodiment, the computer 1mplemented
method further 1includes applying k-space encoding trajec-
tortes with sampling in both in-plane and through-slab
phase-encode directions.
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In another embodiment, the computer 1mplemented
method 1ncludes using the MRI sequence to create

T1-weighted, T2-weighted, PD-weighted, or FLAIR
1mages.

In another embodiment, the computer implemented
method includes the k-space encoding orientation having
two 1maging directions that are different from the spoiler
gradient direction.

In another embodiment, the computer implemented
method calculates the vaniable flip angle radio frequency
(RF) series by calculating an extended phase graph (EPG) to
identify a target signal curve, and matching the variable flip
angle RF series to the target signal curve.

In another embodiment, a computerized system for gath-
ering three-dimensional (3D) magnetic resonance 1maging
(MRI) data using spiral-in-out encoding trajectories from a
k-space encoding orientation and a spoiler gradient direction
includes a source of a magnetic gradient connected to a
computer having a processor and computer memory to
implement steps including calculating a variable tlip angle
radio frequency (RF) series for use as refocusing pulses,
wherein the RF series comprises a plurality of refocusing RF
pulses; applying a spoiler gradient waveform along the
spoiler gradient direction, wherein the computer alternately
adds and subtracts partition encoding waveiorms to the
spoiler gradient waveform; reading MRI data with the
computer for each encoding step associated with the k-space
encoding orientation during an MRI sequence further com-
prising: iserting a spiral-in gradient before a first refocusing
RF pulse from the RF sequence; overlapping a prewinder
lobe for the encoding trajectory with the spoiler gradient
wavelorm having the partition encoding waveforms added
therein; and overlapping a rewinder lobe for the encoding
trajectory with the spoiler gradient waveform having the
partition encoding wavetorms subtracted there from.

BRIEF DESCRIPTION OF THE DRAWINGS

Retference will now be made to the accompanying draw-
ings, which are not necessarily drawn to scale.

FIG. 1A shows a pulse sequence timing diagram includ-
ing spiral-in gradients for Maxwell compensation before the
first refocusing RF pulse, constant-density spiral-in/out
readouts for data acquisition, and linearly decreasing parti-
tion blips combined with spoiler gradients for Kz encodings.
Note that the mner loop 1s for partition lines while the outer
loop 1s for rotated spiral arms. Sagittal orientation was used
for all imaging methods.

FIG. 1B shows a variable-flip-angle RF series generated
for 80 partition lines following one excitation.

FIG. 1C shows signal pathways of fat, white matter, gray
matter, and CSF calculated using an extended phase graph
(EPG) algorithm.

FIG. 2A shows reconstructed images of a sagittal slice 1n
a resolution phantom demonstrating the performance of
Maxwell compensation and trajectory correction on image
quality (scan time: 2:27 min). The image 1s from spiral
SPACE without any compensation.

FIG. 2B shows reconstructed images of a sagittal slice 1n
a resolution phantom demonstrating the performance of
Maxwell compensation and trajectory correction on image
quality (scan time: 2:27 min). The image 1s with Maxwell
compensation only.

FIG. 2C shows an 1image with Maxwell compensation and
trajectory correction using anisotropic delay model.

FIG. 2D shows an image with Maxwell compensation and
trajectory correction using a GIRF model. Geometric dis-
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tortion shown 1n 1images due to gradient nonlinearity could
be corrected using standard remapping methods.

FIG. 3A shows a comparison of in vivo images using
spiral SPACE with no Maxwell compensation (top).

FIG. 3B shows a comparison of in vivo images using
spiral SPACE with sequence-based Maxwell compensation
(middle),

FIG. 3C shows a comparison of in vivo images using
spiral SPACE with both sequence—and 1mage reconstruc-
tion-based Maxwell compensation (bottom) (scan time: 9:43
min). It can be clearly seen that there 1s regional signal loss
and artifacts at the top and bottom of sagittal and coronal
slices where Maxwell gradients were strong, while there 1s
global signal loss and blurring for axial slices when the
slices were far away from 1socenter (zoomed regions).

FIG. 4A shows a comparison of i vivo fully corrected
images from another healthy volunteer using spiral SPACE
(scan time: 9:43 min) without echo-reordering (top).

FIG. 4B shows a comparison of in vivo fully corrected
images from another healthy volunteer using spiral SPACE
with echo-reordering and signal normalization (middle).

FIG. 4C shows a comparison of in vivo fully corrected
images irom another healthy volunteer using Cartesian
SPACE as the reference (bottom) (scan time: 9:39 min). The
images at the top look slightly blurred due to the mitial
signal decay along the echo train, while those 1n the middle
show 1mproved sharpness with similar image quality com-
pared to the Cartesian counterpart (zoomed regions).

FIG. 5 illustrates a table of possible sequence parameters
tor Spiral SPACE and Cartesian SPACE at 0.55 T.

FIG. 6 A shows a comparison of two sets of variable-tlip-
angles.

FIG. 6B shows corresponding signal pathways of gray
matter (GM) according to the variable tlip angles of FIG.
0A;

FIG. 6C shows fully sampled 1n vivo 1mages version 1.

FIG. 6D shows tully sampled in vivo images from version
2). SNR of spiral SPACE from version 1 versus that from
version 2: ROI 1 (13.4 vs. 11.1), ROI 2 (8.7 vs. 6.3) (This
1s nominal SNR).

FIG. 7 1s a schematic of a computer environment used in
accordance with the disclosure herein.

FIG. 8 1s a schematic of a computer environment used in
accordance with the disclosure herein.

FIG. 9 15 a schematic of a computer environment used in
accordance with the disclosure herein.

DETAILED DESCRIPTION

Although example embodiments of the disclosed technol-
ogy are explained in detail herein, it 1s to be understood that
other embodiments are contemplated. Accordingly, it 1s not
intended that the disclosed technology be limited 1n 1ts scope
to the details of construction and arrangement of compo-
nents set forth in the following description or illustrated in
the drawings. The disclosed technology 1s capable of other
embodiments and of being practiced or carried out in various
ways.

It must also be noted that, as used 1n the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise. Ranges may be expressed herein as from “about™
or “approximately” one particular value and/or to “about” or
“approximately” another particular value. When such a
range 1s expressed, other exemplary embodiments include
from the one particular value and/or to the other particular
value.
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By “comprising” or “containing” or “including” 1s meant
that at least the named compound, element, particle, or
method step 1s present 1n the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, matenal, particles, method steps have the
same function as what 1s named.

In describing example embodiments, terminology will be
resorted to for the sake of clarity. It 1s mntended that each
term contemplates its broadest meaning as understood by
those skilled in the art and 1ncludes all technical equivalents
that operate 1n a similar manner to accomplish a similar
purpose. It 1s also to be understood that the mention of one
or more steps of a method does not preclude the presence of
additional method steps or intervening method steps
between those steps expressly 1dentified. Steps of a method
may be performed in a different order than those described
herein without departing from the scope of the disclosed
technology. Similarly, 1t 1s also to be understood that the
mention ol one or more components 1n a device or system
does not preclude the presence of additional components or
intervening components between those components
expressly 1dentified.

As discussed herein, a “subject” (or “patient”) may be any
applicable human, animal, or other organism, living or dead.,
or other biological or molecular structure or chemical envi-
ronment, and may relate to particular components of the
subject, for instance specific organs, tissues, or fluids of a
subject, may be in a particular location of the subject,
referred to herein as an “area of interest” or a “region of
interest.”

Some references, which may include various patents,
patent applications, and publications, are cited 1n a reference
list and discussed in the disclosure provided herein. The
citation and/or discussion of such references i1s provided
merely to clarity the description of the disclosed technology
and 1s not an admission that any such reference 1s “prior art”
to any aspects of the disclosed technology described herein.
In terms of notation, “[n]” corresponds to the nth reference
in the list. All references cited and discussed in this speci-
fication are incorporated herein by reference 1n their entire-
ties and to the same extent as 1f each reference was 1ndi-
vidually incorporated by reference.

In the following description, references are made to the
accompanying drawings that form a part hereof and that
show, by way of illustration, specific embodiments or
examples. In referring to the drawings, like numerals rep-
resent like elements throughout the several figures.

FIG. 7 1s a system diagram illustrating an operating
environment capable of implementing aspects of the present
disclosure 1n accordance with one or more example embodi-
ments. FIG. 7 illustrates an example of a magnetic resonance
imaging (MRI) system 100, including a data acquisition and
display computer 150 coupled to an operator console 110, an
MRI real-time control sequencer 152, and an MRI subsys-
tem 154. The MRI subsystem 154 may include XYZ mag-
netic gradient coils and associated amplifiers 168, a static
7-ax1s magnet 169, a digital RF transmitter 162, a digital RF
receiver 160, a transmit/receive switch 164, and RF coil(s)
166. The MRI subsystem 154 may be controlled 1n real time
by control sequencer 152 to generate magnetic and radio
frequency fields that stimulate magnetic resonance phenom-
ena 1n a living subject, patient P, to be imaged. A contrast-
enhanced 1image of an area of interest A of the patient P may
be shown on display 158. The display 158 may be imple-
mented through a variety of output interfaces, including a
monitor, printer, or data storage.
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The area of interest “A” corresponds to a region associ-
ated with one or more physiological activities 1n patient “P”.
The area of interest shown in the example embodiment of
FIG. 1 corresponds to a chest region of patient “P”, but the
area ol interest for purposes of implementing aspects of the
disclosure presented herein 1s not limited to the chest area.
It should be recogmized and appreciated that the area of
interest can be one or more of a brain region, heart region,
and upper or lower limb regions of the patient “P”, for
example.

It should be appreciated that any number and type of
computer-based medical 1imaging systems or components,
including various types ol commercially available medical
imaging systems and components, may be used to practice
certain aspects ol the present disclosure. Systems as
described herein with respect to example embodiments are
not intended to be specifically limited to magnetic resonance
imaging (MRI) implementations or the particular system
shown 1n FIG. 7.

One or more data acquisition or data collection steps as
described herein 1n accordance with one or more embodi-
ments may include acquiring, collecting, recerving, or oth-
erwise obtaining data such as imaging data corresponding to
an area of interest. By way of example, data acquisition or
collection may include acquiring data via a data acquisition
device, receiving data from an on-site or off-site data acqui-
sition device or from another data collection, storage, or
processing device. Similarly, data acquisition or data col-
lection devices of a system 1n accordance with one or more
embodiments of the present disclosure may include any
device Conﬁgured to acquire, collect, or otherwise obtain
data, or to recerve data from a data acquisition device within
the system, an independent data acquisition device located
on-site or ofl-site, or another data collection, storage, or
processing device.

FIG. 8 1s a computer architecture diagram showing a
general computing system capable of implementing aspects
of the present disclosure 1n accordance with one or more
embodiments described herein. A computer 200 may be
configured to perform one or more functions associated with
embodiments of this disclosure. For example, the computer
200 may be configured to perform operations of the method
as described below. It should be appreciated that the com-
puter 200 may be implemented within a single computing
device or a computing system formed with multiple con-
nected computing devices. The computer 200 may be con-
figured to perform various distributed computing tasks,
which may distribute processing and/or storage resources
among the multiple devices. The data acquisition and dis-
play computer 150 and/or operator console 110 of the
system shown in FIG. 1 may include one or more systems
and components of the computer 200.

As shown, the computer 200 includes a processing unit
202 (*CPU”), a system memory 204, and a system bus 206
that couples the memory 204 to the CPU 202. The computer
200 further includes a mass storage device 212 for storing
program modules 214. The program modules 214 may be
operable to perform one or more functions associated with
embodiments of method as illustrated 1n one or more of the
figures of this disclosure, for example to cause the computer
200 to perform operations of the automated DENSE analysis
as described below. The program modules 214 may 1nclude
an 1maging application 218 for performing data acquisition
functions as described herein, for example to receirve image
data corresponding to magnetic resonance imaging of an
area of interest. The computer 200 can include a data store
220 for storing data that may include 1maging-related data
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222 such as acquired image data, and a modeling data store
224 for storing 1mage modeling data, or other various types
of data utilized 1n practicing aspects of the present disclo-
sure.

The mass storage device 212 1s connected to the CPU 202
through a mass storage controller (not shown) connected to
the bus 206. The mass storage device 212 and 1ts associated
computer-storage media provide non-volatile storage for the
computer 200. Although the description of computer-storage
media contained herein refers to a mass storage device, such
as a hard disk or CD-ROM drive, 1t should be appreciated by
those skilled 1n the art that computer-storage media can be
any available computer storage media that can be accessed
by the computer 200.

By way of example, and not limitation, computer-storage
media (also referred to herein as a “computer-readable
storage medium™ or “computer-readable storage media™)
may include volatile and non-volatile, removable and non-
removable media implemented 1n any method or technology
for storage of information such as computer-storage mnstruc-
tions, data structures, program modules, or other data. For
example, computer storage media includes, but 1s not limited
to, RAM, ROM, EPROM, EEPROM, ﬂash memory or other
solid state memory technology, CD-ROM, digital versatile
disks (“DVD”), HD-DVD, BLU-RAY, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk stor-
age or other magnetic storage devices, or any other medium
which can be used to store the desu'ed information and
which can be accessed by the computer 200. Transitory
signals are not “computer-storage media”, “computer-read-
able storage medium” or “computer-readable storage media™
as described herein.

According to various embodiments, the computer 200
may operate 1n a networked environment using connections
to other local or remote computers through a network 216
via a network interface unit 210 connected to the bus 206.
The network interface unit 210 may facilitate connection of
the computing device iputs and outputs to one or more
suitable networks and/or connections such as a local area
network (LAN), a wide area network (WAN), the Internet,
a cellular network, a radio frequency network, a Bluetooth-
enabled network, a Wi-Fi1 enabled network, a satellite-based
network, or other wired and/or wireless networks for com-
munication with external devices and/or systems. The com-
puter 200 may also include an mput/output controller 208
for receiving and processing input from a number of 1mnput
devices. Input devices may include one or more of key-
boards, mice, stylus, touchscreens, microphones, audio cap-
turing devices, or 1mage/video capturing devices. An end
user may utilize such input devices to interact with a user
interface, for example a graphical user interface, for man-
aging various functions performed by the computer 200.

The bus 206 may enable the processing unit 202 to read
code and/or data to/from the mass storage device 212 or
other computer-storage media. The computer-storage media
may represent apparatus 1n the form of storage elements that
are 1implemented using any suitable technology, including
but not limited to semiconductors, magnetic materials,
optics, or the like. The computer-storage media may repre-
sent memory components, whether characterized as RAM,
ROM, flash, or other types of technology. The computer-
storage media may also represent secondary storage,
whether implemented as hard drnives or otherwise. Hard
drive implementations may be characterized as solid state or
may include rotating media storing magnetically-encoded
information. The program modules 214, which include the
imaging application 218, may include instructions that,
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when loaded mto the processing unit 202 and executed,
cause the computer 200 to provide functions associated with
embodiments 1llustrated herein. The program modules 214
may also provide various tools or techniques by which the
computer 200 may participate within the overall systems or
operating environments using the components, flows, and
data structures discussed throughout this description.

In general, the program modules 214 may, when loaded
into the processing unit 202 and executed, transform the
processing unit 202 and the overall computer 200 from a
general-purpose computing system into a special-purpose
computing system. The processing unit 202 may be con-
structed from any number of transistors or other discrete
circuit elements, which may individually or collectively
assume any number of states. More specifically, the pro-
cessing unit 202 may operate as a finite-state machine, 1n
response to executable instructions contaimned within the
program modules 214. These computer-executable mnstruc-
tions may transform the processing unit 202 by speciliying
how the processing unit 202 transitions between states,
thereby transforming the transistors or other discrete hard-
ware elements constituting the processing unit 202.

Encoding the program modules 214 may also transform
the physical structure of the computer-storage media. The
specific transformation of physical structure may depend on
various factors, 1n different implementations of this descrip-
tion. Examples of such factors may include but are not
limited to the technology used to implement the computer-
storage media, whether the computer storage media are
characterized as primary or secondary storage, and the like.
For example, if the computer-storage media are imple-
mented as semiconductor-based memory, the program mod-
ules 214 may transform the physical state of the semicon-
ductor memory, when the software 1s encoded therein. For
example, the program modules 214 may transform the state
ol transistors, capacitors, or other discrete circuit elements
constituting the semiconductor memory.

As another example, the computer-storage media may be
implemented using magnetic or optical technology. In such
implementations, the program modules 214 may transform
the physical state of magnetic or optical media, when the
software 1s encoded therein. These transformations may
include altering the magnetic characteristics of particular
locations within given magnetic media. These transiorma-
tions may also include altering the physical features or
characteristics of particular locations within given optical
media, to change the optical characteristics of those loca-
tions. Other transformations of physical media are possible
without departing from the scope of the present description,
with the foregoing examples provided only to facilitate this
discussion.

The computing system can include clients and servers. A
client and server are generally remote from each other and
generally interact through a communication network. The
relationship of client and server arises by virtue of computer
programs running on the respective computers and having a
client-server relationship to each other. In embodiments
deploying a programmable computing system, 1t will be
appreciated that both hardware and software architectures
require consideration. Specifically, 1t will be appreciated that
the choice of whether to implement certain functionality in
permanently configured hardware (e.g., an ASIC), 1n tem-
porarily configured hardware (e.g., a combination of soft-
ware and a programmable processor), or a combination of
permanently and temporarily configured hardware can be a
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design choice. Below are set out hardware (e.g., machine
300) and software architectures that can be deployed 1n
example embodiments.

The machine 300 of FIG. 9 can operate as a standalone
device or the machine 300 can be connected (e.g., net-
worked) to other machines. In a networked deployment, the
machine 300 can operate 1n the capacity of either a server or
a client machine 1n server-client network environments. In
an example, machine 300 can act as a peer machine 1n
peer-to-peer (or other distributed) network environments.
The machine 300 can be a personal computer (PC), a tablet
PC, a set-top box (STB), a Personal Digital Assistant (PDA),
a mobile telephone, a web appliance, a network router,
switch or bridge, or any machine capable of executing
instructions (sequential or otherwise) specitying actions to
be taken (e.g., performed) by the machine 300. Further,
while only a single machine 300 1s illustrated, the term
“machine” shall also be taken to include any collection of
machines that individually or jomntly execute a set (or
multiple sets) of instructions to perform any one or more of
the methodologies discussed herein.

Example machine (e.g., computer system) 300 can
include a processor 302 (e.g., a central processing unit
(CPU), a graphics processing unit (GPU) or both), a main
memory 304 and a static memory 306, some or all of which
can communicate with each other via a bus 308. The
machine 300 can further include a display umit 310, an
alphanumeric input device 312 (e.g., a keyboard), and a user
interface (UI) navigation device 311 (e.g., a mouse). In an
example, the display unit 810, mput device 317 and UI
navigation device 314 can be a touch screen display. The
machine 300 can additionally include a storage device (e.g.,
drive unit) 316, a signal generation device 318 (e.g., a
speaker), a network interface device 320, and one or more
sensors 321, such as a global positioning system (GPS)
sensor, compass, accelerometer, or other sensor. The storage
device 316 can include a machine readable medium 322 on
which 1s stored one or more sets of data structures or
instructions 324 (e.g., soitware) embodying or utilized by
any one or more of the methodologies or functions described
herein. The instructions 324 can also reside, completely or
at least partially, within the main memory 304, within static
memory 306, or within the processor 302 during execution
thereof by the machine 300. In an example, one or any
combination of the processor 302, the main memory 304, the
static memory 306, or the storage device 316 can constitute
machine readable media. While the machine readable
medium 322 i1s illustrated as a single medium, the term
“machine readable medium” can include a single medium or
multiple media (e.g., a centralized or distributed database,
and/or associated caches and servers) that configured to
store the one or more structions 324. The term “machine
readable medium” can also be taken to include any tangible
medium that 1s capable of storing, encoding, or carrying
instructions for execution by the machine and that cause the
machine to perform any one or more of the methodologies
of the present disclosure or that 1s capable of storing,
encoding or carrying data structures utilized by or associated
with such structions. The term “machine readable
medium™ can accordingly be taken to include, but not be
limited to, solid-state memories, and optical and magnetic
media.

Specific examples of machine readable media can include
non-volatile memory, including, by way of example, semi-

conductor memory devices (e.g., Electrically Programmable
Read-Only Memory (EPROM), Electrically Erasable Pro-

grammable Read-Only Memory (EEPROM)) and flash
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memory devices; magnetic disks such as internal hard disks
and removable disks; magnetooptical disks; and CD-ROM
and DVD-ROM disks. The instructions 324 can further be
transmitted or received over a communications network 326
using a transmission medium via the network interface
device 320 utilizing any one of a number of transfer proto-
cols (e.g., frame relay, 1P, TCP, UDP, HT'TP, etc.). Example
communication networks can include a local area network
(LAN), a wide area network (WAN), a packet data network
(e.g., the Internet), mobile telephone networks (e.g., cellular
networks), Plain Old Telephone (POTS) networks, and wire-
less data networks (e.g., IEEE 802.11 standards family
known as Wi-F1®, IEEE 802.16 standards family known as
WiMax®), peer-to-peer (P2P) networks, among others. The
term “‘transmission medium™ shall be taken to include any
intangible medium that 1s capable of storing, encoding or
carrying 1instructions for execution by the machine, and
includes digital or analog communications signals or other
intangible medium to facilitate communication of such
software.

Three-dimensional (3D) single-slab turbo-spin-echo
imaging [1-3], also known as i1ts commercial name
“SPACE” (Siemens Healthcare) or “CUBE” (GE Health-
care) or “VISTA” (Philips Healthcare), uses very long echo
trains to increase the scan efliciency by varying the flip
angles of the refocusing RF pulses for T2-weighted imaging
in a variety of applications, such as neuro, spine, and
musculoskeletal imaging. The 3D acquisition presents sev-
eral advantages over 2D 1maging, with the primary benefit
being the ability to retrospectively reformat the correspond-
ing datasets for viewing in any arbitrary orientations. How-
ever, the conventional Cartesian sampling remains time
consuming because of its relatively 1nethicient k-space cov-
crage when prescribing high-i1sotropic spatial resolution.
This problem becomes worse at low-field systems compared
to the mid- or high-field systems, due to the inherently lower
SNR [4], which requires several signal averages to maintain
climically acceptable 1image quality and thus increases the
total scan time by at least double.

Spiral acquisitions cover k-space more efliciently than the
conventional Cartesian counterpart, providing a means for
reduced scan time or improved SNR within a fixed scan
time. [5,6]. Recently, spiral imaging 1s more attractive at low
fields, where improved field homogeneity enables 1maging
with prolonged readouts to regain SNR. [7-9]. However, the
presence of concomitant magnetic-fields (also referred to
Maxwell fields) at low-field systems may aflect the signal
pathway in TSE-based acquisitions, especially when using
high amplitude gradient waveforms and/or time-varying
spiral readouts where the phase error induced by concomi-
tant gradients varies along the echo train. [8-10]. In order to
maintain the Carr-Purcell-Meiboom-Gill (CPMG) condi-
tion, sequence-based compensation was proposed for cor-
recting echo-to-echo phase variations by adding bipolar
gradients 1 each echo spacing (ESP). However, this
approach will inevitably increase the ESP by several milli-
seconds, which may not be suitable for 3D TSE 1maging, as
it may result 1n a high occupancy of the non-sampling period
due to its relatively short ESP (~10 ms), compared to the one
used 1n 2D TSE mmaging (~30 ms) at 0.55 T.

In this work, the disclosure developed a 3D TSE method
using interleaved, rotated spiral-in/out readouts, incorporat-
ing a variable-tlip-angle approach with echo-reordering to
shape the signal evolution, and parallel imaging/compressed
sensing to further accelerate the data acquisition at 0.55 T.
Additionally, the work included gradient infidelity correc-
tion, along with sequence modifications and 1mage recon-
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struction methods to compensate for the concomitant gra-
dient eflects among the echoes and during the acquisition
window. Finally, the disclosure validated the feasibility of
the proposed method and compared the performance to
Cartesian SPACE in both phantom and 1n vivo scans.

The disclosure concerns Fast (““Turbo”) Spin Echo tech-
niques, commonly called “FSE” or “I'SE” among the MRI
community, for 1sotropic 3D imaging. TSE techniques have
already shown to be of value 1n a wide range of clinical
applications, such as high-resolution, contiguous, thin-sec-
tion 1mages for complex anatomy (e.g., brain, inner ear,
joints), and as a replacement for several 2D acquisitions
(spine, pelvis). The disclosure also can be used 1n situations
not necessarily involving biomedical applications, such as
for analyzing structural aspects of materials, quality assur-
ance 1n precision manufacturing, and machine vision.

For purposes of this disclosure, the following technical
definitions will apply, without limiting the disclosure:

A “voxel” 1s the fundamental umt of space within a 3D
Cartesian grid (analogous to a “pixel” in a 2D gnid).

The term “1sotropic” means that the voxels are a cube of
uniform dimensions, say 0.1 mmx0.1 mmx0.1 mm, allow-
ing the images to be reformatted 1n any viewer-direction
with equal resolution.

“T1-weighted” and “T2-weighted” refer to the type of
magnetic degeneration following an MRI pulse: T1 1s the
primary relaxation of the nucleus from the pulse direction to
the main longitudinal field, while T2 refers to decay of the
transverse component of net magnetization (also known as
spin-spin relaxation).

“PD-weighted” refers to the weighting based on proton
density.

A “FLAIR” image (“Fluid Attenuated Inversion Recov-
ery”’) 1s a sequence similar to a T2-weighted 1mage, except
that the Time to Repetition (“TR”, the time between suc-
cessive pulses applied to the same slice) and Time to Echo
(““TE”, time between delivery of the pulse and receipt of the
echo signal) are very long by comparison.

SPACE, an acronym for “Sampling Perfection with Appli-
cation optimized Contrasts using different tlip angle Evolu-
tion,” 1s the name for the TSE version oflered specifically by
Siemens Medical, which has special modifications optimiz-
ing. Some other platiorms are called as follows:

CUBE® 1s the GE brand name of their sequence (not an

acronym);

VISTA® 1s the Philips name, an abbreviation for “Volume

Isotropic Turbo spin echo Acquisition™;

Hitachi’s brand name 1s 1soFSE®);
Canon calls their plattorm 3D MVOX® ({or “Multi-

VOXel”).

This disclosure can be applied 1n a platform-independent
manner wherever TSEs share the following common ele-
ments:

Very long echo train lengths, typically 100-250 echoes;

Ultrashort echo spacing, typically 3-4 msec;

Non-selective refocusing pulses.

Methods
Pulse Sequence Design

A simplified timing diagram of the sequence for a sagittal
slice orientation 1s shown in FIG. 1A. Note that the sagittal
orientation (Ky-Kz) was used for all imaging 1n the follow-
ing work. The 1mner loop incremented the partition encod-
ings (Kx) along the echo direction. An encoding orientation
may include encoding the k-space 1n two diflerent directions
(e.g., along an x and y axis) that 1s diflerent from a slice
selection gradient that 1s transverse to the axes. Spiral
interleaves were rotated in the outer loop, where each
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excitation acquired a single spiral-in/out arm for every 3D
partition encoding, to keep the same concomitant gradient
fields induced by the identical spiral arm among echoes.
Thus, there was no need for additional bipolars inserted 1nto
each ESP to maintain the CPMG condition as used in 2D
spiral TSE 1imaging. To further improve the scan efficiency

(readout: 4.48 ms, ESP: 7.2 ms), sequence modifications
included:

Non-spatially selective refocusing RF pulses were used
for the whole brain excitation.

Spoiler gradients (approximately 41w dephasing) were
combined with 3D partition encodings.

Spiral-in/out prewinder and rewinder lobes were played
simultaneously with the preceding (Gx gradient (spoiler

gradient plus the current partition encoding gradient) and the
following Gx gradient (spoiler gradient minus the current
partition encoding gradient) along the partition direction.

Constant density and variable density spirals were used
for fully sampled datasets, and 2X-accelerated under-
sampled datasets, respectively.

As described 1n Refs. [8, 9], encoding gradients with
variable amplitudes along the echo train will produce unbal-
anced concomitant fields that need to be corrected via
sequence modifications first. To reduce the self-squared
Maxwell terms, the following two steps 1ncluded:

Gradient de-rating was used for partition encodings.

Spiral-in gradients (the first half of the following spiral-
in/out readout) were added i1n the interval between the
excitation pulse and the first refocusing pulse, as shown 1n
the orange box.

The utility of the added preceding spiral-in gradients 1s to
not only compensate the self-squared terms for the current
spiral-in/out interleal but also self-balance the quadratic
cross-terms 1nduced by using the same overlapping strategy
for the spiral-in prewinder lobes and Gx (spoiler gradients
combined with partition encodings) gradients. No additional
time was needed for additional concomitant field compen-
sation (e.g., added bipolar gradients), resulting 1n no sacri-
fice 1n scan efficiency.

Variable-Flip-Angle Generation and the Contrast-Equiva-
lent TE

In this work, a prescribed signal evolution based on
asymptotic target pseudo-steady-state stabilization, as
described 1n Ref 3, was firstly determined for gray matter
(GM) specifically at 0.55 T (T,=800 ms, T,=110 ms). The
prospective EPG algorithm was then utilized for the calcu-
lation of the variable-flip-angle RF series that meet this
target signal curve and the sequence parameters (e.g., ESP,
the portion of the flat plateau), as shown in FIG. 1B. The
term effective TE (TE_;) used in this work refers to the echo
time where the k-space center 1s acquired, while the con-
trast-equivalent TE (TE,__,; ) at the kth echo as the k-space
center can be determined by the Equation 1 given below:

(1)

s(k) ]

TEopiy(k) = =T lf{
! . Scﬂh(k)

where s and s__, are the normalized signal intensity with
and without relaxation effects at each echo, respectively. T,
1s the transverse relaxation time of the current tissue. FIG.
1C shows the equivalent TE at different echoes, where the
central line of 3D partition encodings was sampled. In this
work, the total number of echoes per shot was designed to
be 80, and the k-space center was placed at the middle of the
echo train (n=40), thus resulting in an estimated contrast
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equivalent to a TE of 111 ms with conventional spin-echo
imaging. Two shots covered the whole partition lines
(n=160), while the number of spiral-in/out arms was set to
54, thus resulting 1n a total of 54x2=108 shots for a fully
sampled 3D stack-of-spiral k-space.
Trajectory Correction

Gradient impulse response function (GIRF) 1s a means to
characterize the gradient distortions, such as gradient delays,
eddy current, and field oscillations, and has been used to
predict the actual k-space trajectories by incorporating the
pre-calculated GIRF files (X, y, and z axes) into the theo-
retical trajectories. The calibration was performed in a
spherical phantom separately and can be used for future
scans with arbitrary orientation planes. To demonstrate the
performance of this method on spiral imaging, the disclosure
compared the phantom 1mages reconstructed from thermoti-
cal trajectories, trajectories with anisotropic delay correc-
tion, and trajectories with GIRF correction.

Image Reconstruction

All images were reconstructed offline in MATLAB. The
2D NUFFT code was used for fully sampled non-Cartesian
image reconstruction, and L1-ESPIR1T13 was utilized for
under-sampled datasets. Residual phase errors from con-
comitant gradients during the readout were corrected by a
fast conjugate phase reconstruction method based on a
Chebyshev approximation.
Echo Reordering and Signal Normalization

Images reconstructed directly from the raw data may
show certain 1mage blurriness, due to the lowpass k-space
filter induced by the variable-flip-angle scheme with the
3D-partition-encoding along the echo train. Echo reordering
(also called double encoding), which was originally pro-
posed for 2D interleaved, rotated spiral TSE, improves the
performance on the swirl-like artifacts reduction induced by
the strong signal variation along the echo train. [12]. In this
work, echo-reordering was applied whereby the echo order
was reversed during the second measurement, and data after
signal averaging was further normalized based on a simu-
lated signal decay from EPG and relaxation parameters of
GM.
MRI Experiments

Experiments were performed on a ramped-down 0.355 T
MR scanner (prototype MAGNETOM Aera, Siemens
Healthcare, Erlangen, Germany) using a 16-channel head/
neck coil. For both phantom and healthy volunteer studies
(n=3), images were acquired using spiral SPACE with and
without compensation, with Cartesian SPACE as a refer-
ence. Both fully sampled and 2X under-sampled datasets
were collected sequentially. GRAPPA and partial Fourier
[7,8] reconstruction were utilized for under-sampled Carte-
sian SPACE. FOV was set to 250x250 mm~* with 160 mm
slab thickness, which results in 1 mm” isotropic whole brain
T2-weighted 1mages. Other sequence parameters can be
found 1n Table S1.
Image Quality Analysis

The evaluation of spiral SPACE after full compensation
and the standard Cartesian SPACE sequence was performed
guantitatively on 1n vivo data. SNR measurements were
performed on fully sampled images only using pseudo-
replica method [13], followed by multiplying the calculated
SNR by the coefhicient (1/(voxel sizexN(scan time))) for
spiral SPACE (0.996) and Cartesian TSE (1.0) to generate
the SNR efficiency maps. Regions of interest (ROIs) were
drawn in both white matter and gray matter on the SNR
efficiency maps, and the averaged SNR was then obtained
for each subject, with a total of selected ten slices per
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subject. Pairwise comparisons between these two 1maging
methods were performed using one-way ANOVA with the
Tukey-Kramer post hoc test.

Results

Several strategies of sequence modifications were 1mple-
mented 1n spiral SPACE for improved scan efliciency com-
pared to the conventional Cartesian SPACE, such as using
prolonged spiral-in/out trajectories and the gradient over-
lapping. Gradient infidelity was corrected using gradient
impulse response function (GIRF), along with concomitant
field compensation to correct for the unwanted phase errors
over the echoes and during the readout windows. To main-
tain a long echo train (~ 600 ms) within one shot, a series of
specific vanable-flip-angle refocusing RF pulses were gen-
crated based on extended phase graph (EPG) and sequence
parameters. An echo-ordering scheme was utilized to further
smooth the signal pathway along the echo direction. Images
from spiral SPACE with no compensation, with compensa-
tion, and Cartesian SPACE were compared via phantom and
in vivo studies.

FIG. 1c¢ shows the signal pathways for white matter
(T1=300 ms, T2=90 ms), gray matter, fat (11=180 ms,
12=95 ms), and cerebral spinal flmd (T1=2600 ms, T2=800
ms). Note that the fat signal 1s much lower than others,
therefore additional fat saturation 1s not needed.

FIG. 2 illustrates the performance of the proposed
sequence-based Maxwell compensation and trajectory cor-
rection 1n phantom studies. Signal loss can be seen at the top
and bottom of FIG. 2A because of strong concomitant fields
along the physical Z axis. After Maxwell compensation,
FIG. 2B shows much improved image quality but still
demonstrates edge artifacts and signal shading due to the
trajectory infidelity. Applying trajectory correction using the
GIRF method (FIG. 2D) vields better image quality than the
anisotropic gradient delay model (FI1G. 2C), as can be easily
seen 1n zoomed regions.

FIG. 3 shows brain images from spiral SPACE with no
concomitant field compensation (top), with sequence-based
concomitant field compensation (middle), or with full con-
comitant field compensation (sequence and reconstruction,
bottom). Signal loss and blurring artifacts are substantially
reduced when using sequence-based concomitant field com-
pensation (zoomed regions), and the residual blurring arti-
facts accrued during the readout can be further mitigated
through 1mage reconstruction.

FIG. 4 shows fully corrected spiral SPACE 1mages with-
out echo-reordering (top) and with echo-reordering
(middle), compared to Cartesian SPACE 1mages (bottom).
Data after echo-reordering and averaging was further nor-
malized based on a simulated signal decay using EPG, and
the corresponding 1images show improved sharpness com-
pared to those without echo-reordering.

FIG. 5 displays the images reconstructed with fully
sampled (top, ~10 min scan time) and 2x-undersampled
(bottom, ~5 minutes scan time) acquisitions by spiral
SPACE (left) and Cartesian SPACE (right). SNR measure-
ments/maps

This work 1ntroduces an alternative approach to Cartesian
SPACE for 1 mm? isotropic whole brain T2-weighted imag-
ing on a high performance 0.55 T scanner. In this technique,
the Cartesian readouts are replaced by interleaved, rotated
spiral-in-out trajectories, combined with a variable-tlip-
angle refocusing train, echo-reordering, and concomitant
gradient compensation. Parallel imaging (PI) and com-
pressed sensing (CS) are utilized for further acceleration.

10

15

20

25

30

35

40

45

50

55

60

65

16

Compared to 3D-Cartesian SPACE, this method can be
leveraged to mitigate the lower SNR of 0.55 T via the
improved SNR efliciency of prolonged spiral trajectory
sampling.

The vanable-flip-angle RF series play a significant role 1n
extending the useable duration of the echo train and main-
taining the signal intensity by slowly increasing the refo-
cusing flip angles to against the signal decay mostly due to
the T2 relaxation. In this study, the disclosure generated two
versions of variable-flip-angle series shown i Figure S1A,
and the corresponding signal pathways ol gray matter are
shown 1n Figure S1B, of which the first has a higher signal
amplitude around the central portion of the echo train while
the latter has a flatter shape across the echo train. Figure S1C
and S1D shows the 1n vivo images obtained from these two
sets of RF series, respectively. It can be easily seen that
image C has higher SNR over image D, mostly likely due to
more signal energy acquired by echoes from the first vari-
able-flip-angle version. The drawback of the first version
compared to the second 1s it may induce 1mage blurring
because of a shorter signal plateau followed by a {faster
signal decay; however, the blurring can be mitigated by
using echo-reordering and signal normalization as described
betore.

Concomitant gradient compensation 1s necessary for spi-
ral TSE 1imaging to obtain high quality images with minimal
artifacts. As shown 1n this work, at low field systems, using
spiral gradient waveforms with a maximum amplitude of 25
mT/m and even a short (4.48 ms) readout time will still
produce unwanted concomitant gradients that cause severe
image degradation. Refs. [8, 9] have presented several
general strategies of concomitant gradient compensation
methods that can be applied to any type of spiral-based TSE
acquisition. Based on that, this work describes a special case
that uses time-symmetric spiral-in/out readouts 1 3D TSE/
SPACE. Because of the sampling scheme where in each
echo train the spiral readout i1s the same, no additional
bipolar gradients are needed to be mserted into each echo,
permitting a short ESP with high scan efliciency. Further-
more, the symmetric property of the spiral-in/out readout
enables equivalent concomitant compensation for both seli-
squared and quadratic-cross terms by simply placing the
spiral-in arms (the first half of spiral-in/out arms) into the
interval between the excitation pulse and the first refocusing
pulse, which 1n turn allows gradient overlapping to further
increase the scan efliciency, regardless of the induced non-
Zero cross-term concomitant phase errors.

In this preliminary implementation, only three healthy
volunteers were recruited for in vivo validation; a larger
study will be performed in the future. Parallel imaging and
compressed sensing enable further data acceleration for
spiral SPACE. In this work, the disclosure used variable
density spiral trajectories and accelerated the data acquisi-
tion along the interleave domain. Note that the acceleration
can also be performed along the partition encoding direction
via parallel imaging and/or partial Fourier reconstruction as
in conventional Cartesian SPACE. Compared to the vendor
provided Cartesian SPACE which uses the GRAPPA accel-
cration method, the proposed spiral SPACE shows obvious
noise reduction yet with some 1mage blurriness due to the
L.1-constraint. Advanced 1mage reconstruction may be
applied to thus method, such as deep learning based de-
aliasing and/or de-noising which have shown superior image
quality and less computational cost compared to conven-

tional 1mage reconstruction methods [16, 17].

Embodiments of the Disclosure

In one embodiment, a computer implemented method of
gathering three-dimensional (3D) magnetic resonance imag-
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ing (MRI) data using spiral-in-out encoding trajectories
from a k-space encoding ornentation 540 and a spoiler
gradient direction 550 and includes using a computer having
a processor and computer memory to implement steps of
calculating a variable flip angle radio frequency (RF) series
560 for use as refocusing pulses, wherein the RF series
comprises a plurality of refocusing RF pulses 375; applying
a spoiler gradient waveform 580 along the spoiler gradient
direction 550, wherein the computer alternately adds and
subtracts partition encoding waveforms to the spoiler gra-
dient waveform 380; reading MRI data with the computer
for each encoding step associated with the k-space encoding
orientation 540 during an MRI sequence that further
includes 1nserting a spiral-in gradient 5397 before a first
refocusing RF pulse 5735 from the RF sequence 560; over-
lapping a prewinder lobe 597 for the encoding trajectory
with the spoiler gradient waveform having the partition
encoding waveforms added therein 582; and overlapping a
rewinder lobe 598 for the encoding trajectory with the
spoiler gradient waveform having the partition encoding
wavelorms subtracted there from 583.

In another embodiment, the computer implemented
method further repeats the MRI sequence for a selected
number of total partition encodings to obtain data for a 3D
MRI acquisition.

In another embodiment, the computer implemented
method includes calculating the RF series comprises 1den-
tifying a target signal curve having an asymptotic pseudo-
steady state stabilization.

In another embodiment, The computer implemented
method includes identifying the varnable flip angle radio
frequency (RF) series to meet the target signal curve and
selected parameters for the MRI sequence.

In another embodiment, the computer 1mplemented
method includes the selected parameters being selected from
the group consisting of field of view, echo spacing, eflective
TE, readout time, a target number of shots during the MRI
sequence, a total number of echoes per shot, an acceleration
rat10, a spatial resolution, a k-space center location relative
to a selected number of total partition encodings, or a target
signal-to-noise ratio.

In another embodiment, the computer implemented
method includes each of the refocusing pulses correspond-
ing to a respective variable flip angle used in the MRI
sequence.

In another embodiment, the computer implemented
method mcludes using the MRI sequence to extend a useable
duration of an echo train by increasing the refocusing flip
angles to slow signal decay due to T2 relaxation.

In another embodiment, the computer 1mplemented
method includes applying the MRI sequence at a low static
magnetic-field strength.

In another embodiment, the computer implemented
method 1includes the low static magnetic-field strength 1s less
than or equal to 1 Tesla.

In another embodiment, the computer implemented
method 1ncludes applying the MRI sequence at a medium
static magnetic-field strength greater than 1 Tesla and less
than or equal to 3 Tesla.

In another embodiment, the computer implemented
method includes applying the MRI sequence at a static
magnetic-field strength greater than 3 Tesla.

In another embodiment, the computer 1mplemented
method uses a turbo-spin-echo 1maging sequence.

In another embodiment, the computer 1mplemented
method includes the spiral-in-out encoding trajectories hav-
ing either constant density spirals or variable density spirals.
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In another embodiment, the computer implemented method
includes reading the MRI data with a time symmetric
spiral-in-out sampling scheme.

In another embodiment, the computer 1mplemented
method includes forming an MRI output by fully sampling
the MRI data or by under-sampling the MRI data.

In another embodiment, the computer implemented
method includes accelerating the reading of MRI data by
utilizing parallel 1imaging and/or compressed sensing tech-
niques, wherein the parallel 1imaging comprises 1D or 2D
acceleration.

In another embodiment, the computer 1mplemented
method includes applying trajectory correction to the MRI
data.

In another embodiment, the computer 1mplemented
method includes the trajectory correction in the form of a
gradient impulse response function (GIRF).

In another embodiment, the computer implemented
method includes applying sequence-based concomitant field
compensation.

In another embodiment, the computer implemented
method includes applying echo re-ordering to the MRI data
prior to 1mage reconstruction.

In another embodiment, the computer implemented
method includes echo re-ordering by reversing an echo order
during a measurement.

In another embodiment, the computer 1mplemented
method includes signal averaging that 1s normalized based
on a simulated signal decay from the RF-series calculation
and relaxation parameters.

In another embodiment, the computer implemented
method includes that the MRI sequence 1s conducted pur-
suant to turbo-spin-echo 1maging sequences according to the
method Sampling Perfection with Application optimized
Contrasts using different flip angle Evolutions (TSE-
SPACE).

In another embodiment, the computer implemented
method includes reading the MRI data from about 100 to
about 250 echoes for each echo train.

In another embodiment, the computer 1mplemented
method includes reading the MRI data with echo spacing
between about 3 ms and 4 ms, inclusive.

In another embodiment, the computer 1mplemented
method includes the refocusing RF pulses being spatially
non-selective.

In another embodiment, the computer implemented
method includes refocusing RF pulses corresponding to flip
angles between about 30 degrees to 120 degrees, inclusive.

In another embodiment, the computer implemented
method further includes partial Fourier imaging with zero-
interpolation {filling to reduce 1maging time.

In another embodiment, the computer implemented
method further includes applying k-space encoding trajec-
torites with sampling in both in-plane and through-slab
phase-encode directions.

In another embodiment, the computer 1mplemented
method includes using the MRI sequence to create
T1-weighted, T2-weighted, PD-weighted, or FLAIR
1mages.

In another embodiment, the computer implemented
method includes the k-space encoding orientation having
two 1maging directions that are different from the spoiler
gradient direction.

In another embodiment, the computer implemented
method calculates the variable tlip angle radio frequency
(RF) series by calculating an extended phase graph (EPG) to
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identily a target signal curve, and matching the variable flip
angle RF series to the target signal curve.

In another embodiment, a computerized system for gath-
ering three-dimensional (3D) magnetic resonance 1maging
(MRI) data using spiral-in-out encoding trajectories from a
k-space encoding orientation and a spoiler gradient direction
includes a source ol a magnetic gradient connected to a
computer having a processor and computer memory to
implement steps including calculating a variable flip angle
radio frequency (RF) series for use as refocusing pulses,
wherein the RF series comprises a plurality of refocusing RF
pulses; applying a spoiler gradient wavetorm along the
spoiler gradient direction, wherein the computer alternately
adds and subtracts partition encoding waveforms to the
spoiler gradient wavelorm; reading MRI data with the
computer for each encoding step associated with the k-space
encoding orientation during an MRI sequence further com-
prising: iserting a spiral-in gradient before a first refocusing,
RF pulse from the RF sequence; overlapping a prewinder
lobe for the encoding trajectory with the spoiler gradient
wavetorm having the partition encoding wavetorms added
therein; and overlapping a rewinder lobe for the encoding
trajectory with the spoiler gradient waveform having the
partition encoding waveforms subtracted there from.

CONCLUSION

The specific configurations, choice of maternials and the
s1ze and shape of various elements can be varied according
to particular design specifications or constraints requiring a
system or method constructed according to the principles of
the disclosed technology. Such changes are intended to be
embraced within the scope of the disclosed technology. The
presently disclosed embodiments, therefore, are considered
in all respects to be illustrative and not restrictive. The
patentable scope of certain embodiments of the disclosed
technology 1s indicated by the appended claims, rather than
the foregoing description.
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The mvention claimed 1s:

1. A computer implemented method of gathering three-
dimensional (3D) magnetic resonance imaging (MRI) data
using spiral-in-out encoding trajectories from a k-space
encoding orientation and a spoiler gradient direction, the
method comprising:

using a computer having a processor and computer

memory to implement steps comprising:
calculating a vanable flip angle radio frequency (RF)
series for use as refocusing pulses, wherein the RF
series comprises a plurality of refocusing RF pulses;

applying a spoiler gradient wavetform along the spoiler
gradient direction, wherein the computer alternately
adds and subtracts partition encoding waveforms to the
spoiler gradient waveform;
reading MRI data with the computer for each encoding
step associated with the k-space encoding orientation
during an MRI sequence further comprising:

inserting a spiral-in gradient before a first refocusing RF
pulse from the RF sequence;

overlapping a prewinder lobe for the encoding trajectory

with the spoiler gradient wavetform having the partition
encoding wavetforms added therein; and
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overlapping a rewinder lobe for the encoding trajectory
with the spoiler gradient waveform having the partition
encoding waveforms subtracted there from.

2. The computer implemented method of claim 1, further
repeating the MRI sequence for a selected number of total
partition encodings to obtain data for a 3D MRI acquisition.

3. The computer implemented method of claim 1, wherein
calculating the RF series comprises i1dentifying a target
signal curve having an asymptotic pseudo-steady state sta-
bilization.

4. The computer implemented method of claim 3, further
comprising identifying the varnable thp angle radio ire-
quency (RF) series to meet the target signal curve and
selected parameters for the MRI sequence.

5. The computer implemented method of claim 4, wherein
the selected parameters are selected from the group consist-
ing of field of view, echo spacing, eflective TE, readout time,
a target number of shots during the MRI sequence, a total
number of echoes per shot, an acceleration ratio, a spatial
resolution, a k-space center location relative to a selected
number of total partition encodings, or a target signal-to-
noise ratio.

6. The computer implemented method of claim 1, wherein
cach of the refocusing pulses corresponds to a respective
variable flip angle used 1n the MRI sequence.

7. The computer implemented method of claim 1, further
comprising using the MRI sequence to extend a useable
duration of an echo train by increasing the refocusing flip
angles to slow signal decay due to T2 relaxation.

8. The computer implemented method of claim 1, further
comprising applying the MRI sequence at a low static
magnetic-field strength.

9. The computer implemented method of claim 1, wherein
the low static magnetic-field strength 1s less than or equal to
1 Tesla.

10. The computer implemented method of claim 1,
wherein the MRI sequence comprises a turbo-spin-echo
imaging sequence.

11. The computer implemented method of claim 1,
wherein the spiral-in-out encoding trajectories comprise
either constant density spirals or variable density spirals.

12. The computer implemented method of claim 1, further
comprising reading the MRI data with a time symmetric
spiral-in-out sampling scheme.

13. The computer implemented method of claim 1, further
comprises forming an MRI output by fully sampling the
MRI data or by under-sampling the MRI data.
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14. The computer implemented method of claim 1, further
comprising accelerating the reading of MRI data by utilizing
parallel 1imaging and/or compressed sensing techniques,
wherein the parallel imaging comprises 1D or 2D accelera-
tion.

15. The computer implemented method of claim 1, further
comprising applying trajectory correction to the MRI data.

16. The computer implemented method of claim 185,
wherein the trajectory correction 1s a gradient impulse
response function (GIRF).

17. The computer implemented method of claim 16,
turther comprising applying sequence-based concomitant
field compensation.

18. The computer implemented method of claim 1, further
comprising applying echo re-ordering to the MRI data prior
to 1mage reconstruction.

19. The computer implemented method of claim 18,
wherein echo re-ordering comprises reversing an echo order
during a measurement.

20. A computerized system for gathering three-dimen-
sional (3D) magnetic resonance imaging (MRI) data using
spiral-in-out encoding trajectories from a k-space encoding
orientation and a spoiler gradient direction, the system
comprising;

a source of a magnetic gradient connected to a computer
having a processor and computer memory to implement
steps comprising:

calculating a varniable tlip angle radio frequency (RF)
series for use as refocusing pulses, wherein the RF
series comprises a plurality of refocusing RF pulses;

applying a spoiler gradient wavetform along the spoiler
gradient direction, wherein the computer alternately
adds and subtracts partition encoding waveforms to the
spoiler gradient wavelorm;

reading MRI data with the computer for each encoding
step associated with the k-space encoding orientation
during an MRI sequence further comprising:

inserting a spiral-in gradient before a first refocusing RF
pulse from the RF sequence;

overlapping a prewinder lobe for the encoding trajectory
with the spoiler gradient waveform having the partition
encoding waveforms added therein; and

overlapping a rewinder lobe for the encoding trajectory
with the spoiler gradient waveform having the partition
encoding waveforms subtracted there from.
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